Speciation in many host specific parasites may be initiated in sympatry when populations shift and adapt to new hosts. The recent shift of the apple maggot fly, Rhagoletis pomonella (Diptera: Tephritidae) from its native host plant hawthorn (Crataegus spp.) to introduced, domesticated apple (Malus pumila), provides a direct test of the "sympatric speciation" hypothesis by indicating whether partially reproductively isolated "host races" can evolve in the absence of geographic isolation. We report finding significant allele frequency differences for six allozymes between paired apple and hawthorn infesting populations of R. pomonella from across the midwestern United States. Latitudinal allele frequency dines exist among both apple and hawthorn populations, however, for a majority of the loci displaying racial differences. Inter-host genetic differentiation is therefore superimposed on clinal patterns of variation within the races such that the magnitude of host associated divergence is a function of latitude. The results indicate that host associated races can form in sympatry and implicate differences in host plant recognition and developmental timing (related to ambient temperature) as key factors restricting gene flow between apple and hawthorn populations. However, some of the same processes differentiating apple and hawthorn populations at sympatric sites also appear to be occurring within the two host races across their respective ranges. R. pomonella populations are therefore diverging with respect to both their host plant affiliations and local environmental conditions.
INTRODUCTION
Speciation, the rendering of one closed genetic system into two, is a fundamental process responsible for the evolution of life on earth. Unfortunately, because speciation is a relatively rare, often time consuming event, much of our understanding of the process is based on population genetics models and indirect analyses of closely related species. We therefore have very few examples directly documenting how populations become reproductively isolated from one another.
The apple maggot fly, Rhagoletis pomonella, is an exception, however, having a biology and natural history which makes it ideal for the empirical study of speciation. R. pomonella is part of an endemic, sibling species complex of true fruit flies whose members overlap broadly in their geographic distributions across North America (Bush, 1966) . Rhagoletis larvae are internal parasites in the fruit of their hosts, with each species in the group being monophagous or oligophagous for a different set of host plants (Bush, 1966) . Adult females lay their eggs directly into the host fruit which they identify by specific visual, tactile and olfactory cues (Prokopy, 1968a; Prokopy et a!., 1973 Prokopy et a!., , 1987 Prokopy et a!., , 1988 Moericke et a!., 1975; Fein et a!., 1982; Owens and Prokopy, 1986; Papaj and Prokopy, 1986 ). Males are attracted by the same cues and courtship and mating occurs almost exclusively on or near the fruits of the host plant (Prokopy et a!., 1971 (Prokopy et a!., , 1972 . Because host recognition and mate selection are directly coupled in Rhagoletis, variation for host preference and host associated survivorship traits can act as genetically based barriers to gene flow. These considerations led Bush (1966 Bush ( , 1969a Bush ( , b, 1975 to propose that speciation in the R, pomonella group occurs sympatrically and is initiated when flies colonize and adapt to new host plants.
Verifying that sympatric host race formation can initiate speciation in the R. pomonella group is a three stage process. First, we must demonstrate that "host specific" traits can evolve within With regard to the first two questions, the recent shift of the species R. pomonella from its native host hawthorn (Crataegus spp.) to introduced, domestic apple (Ma/us pumila; Walsh, 1867) provides a unique ecological timeframe to determine whether host specialization is sufficient to differentiate populations in the absence of geographic barriers to gene flow. Agricultural records suggest a probable origin for the apple infesting "race" in the Hudson Valley, New York, and document the apple fly's subsequent spread across eastern North America over the last 120 years (see fllingworth, 1912; O'Kane, 1914; Bush, l969a) .
Because domestic apples were introduced into the United States by European settlers (Chapman and Lienk, 1971), we have an upper limit of approximately 350 years for the age of the apple infesting form of R. pomonella.
Apple populations could have conceivably
shifted from a host other than hawthorns. Besides hawthorns, however, the most likely other potential native North American hosts are several species of crab apple (i.e., M. angustfolia, M. divers (b/ia, M. glabrata, M. ioensis and M. coronaria), none of which support populations of R. pomonella (O'Kane, 1914; Porter, 1928; Bush, 1966) . Host acceptance and larval survivorship studies provide further indirect sypport for hawthorns as the original host of the apple fly. Prokopy et al. (1988) have shown that apple origin females prefer to oviposit into, and males reside on, hawthorn versus apple fruit (although apple origin flies do accept apple fruits significantly more often than hawthorn origin flies do; Prokopy et a!., 1988) . In addition, survivorship is higher from egg to pupal stages for apple origin flies in hawthorn than in apple fruits (Prokopy et a!., 1988) . These findings are consistent with R. pomonelia having recently shifted to apples, with apple flies still retaining a degree of preference and adaptation for hawthorns as their ancestral host fruit.
in previous studies, we (Feder et a!., 1988 ) and co-workers (McPheron et a!., 1988a) have shown that sympatric apple and hawthorn populations of R. pomonella are genetically differentiated. Significant allele frequency differences exist for six allozyme loci between populations of the two host races collected from across the eastern United
States (Feder et a!., 1989a) . These six loci map to three different regions of the genome (Berlocher and Smith, 1983; Feder et a!., 1989b) and linkage disequilibrium occurs in natural populations between allozyme loci within each of these three regions (Feder et al., 1988 (Feder et al., , 1989a . Allele frequencies for five of the six loci displaying inter-host differentiation also co-vary significantly with latitude among both apple and hawthorn populations (Feder eta!., 1989 a) . This suggests that north-south allele frequency dines exist for R. pomonel!a.
However, the geographic analysis of eastern North America involved widely separated populations from a variety of different longitudes. Verification of dines therefore requires more detailed examination of fly populations collected along latitudinal transects.
The objective of the current study is to inten- Figure 1 Collecting sites for R. pomonella in the midwestern United States (see table 1 for detailed descriptions of study sites). Solid lines indicate isothermal dines for growing degree days base 50°F (GDD). GDD values for Illinois and Indiana sites are given in parentheses. Dashed lines connect sites comprising each of the five latitudinal transect collected for the study. C = site where the frequency of Acon-275 was >0.100 for either apple or hawthorn flies. = site where the frequency of Acon-275 was >0100 for both apple and hawthorn flies. A = site where the frequency of Acon-289 was >0200 for hawthorn flies and/or >0100 for apple flies.
the same as AA, A, H and HH in Feder et a!.
(1989c), where they represent part of a regional analysis of allele frequency variation in western
Michigan. Three different strategies were used to collect flies. At a majority of sites larvae were dissected from fallen fruit in the field and immediately frozen in liquid nitrogen (these sites are listed as L in table 1). Only late second and third instar larvae were electrophoretically analyzed from these collections. At other locations adult flies were captured directly from their respective host plants using a vacuum aspiration system and were then frozen in liquid nitrogen (these sites are designated Ad in table 1). For three hawthorn sites (4, 15, 17) and one apple site (15) both larvae and adults were collected from host trees to allow comparison of the two life history stages which represent sequential fly generations (i.e., parents and their immediate offspring). At sympatric site 15, adults and larvae were collected from both apple and hawthorn host plants to determine whether inter-host genetic differentiation was consistent across different life history stages and to qualitatively gauge the extent of inter-host migration. Finally, fruits were collected from the ground beneath host trees at the five sites designated R in 
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Life history stage in which flies were collected. L = larvae, Ad = adult, R = flies samples as larvae and reared to adulthood in the laboratory. Stage designations given in parentheses are for hawthorn flies, without parentheses for apple flies.
Host plants from which flies were collected at a site. A apple, H = hawthorn.°D istance (km) separating apple and hawthorn trees sampled at paired sites. sym = sympatric site where host trees were within 100 m.
adulthood in the laboratory. Laboratory rearing included chilling pupae at 4°C in a refrigerator for 5 months to simulate winter dispause conditions. Standard horizontal starch gel electrophoretic techniques were used and are described fully elsewhere (Berlocher, 1976; Berlocher and Bush, 1982; Feder et a!., 1988 Feder et a!., , 1989b . We resolved and scored the six allozyme loci which displayed the greatest amounts of inter-host and/or latitudinal variation in the earlier survey of eastern North America (Feder el al., 1989a) . These six allozymes are: malic enzyme (Me), aconitase-2 (Acon-2), mannose phosphate isomerase (Mpi), NADH-diaphorase-2 (Dia-2), aspartate amino-transferase-2 (Aat-2) and hydroxyacid dehydrogenase (Had). A Mendelian mode of inheritance has been established for all six of these allozymes (Berlocher and Smith, 1983; Feder et aL, 1989b) . Isozymes that migrated the nearest to the cathode were designated system I, the second nearest system 2, etc. Alleles were numbered according to their relative anodal mobilities with the most common allele for each locus designated 100 and used as a standard.
Electromorphs resolved for each of the six loci are given in the Appendices. Only two alleles were scored for the loci Dia-2 and Me. Consequently, only the frequencies for the rarer of the two alleles for these two loci appear in the Appendices. The same was essentially true for Had, although a rare third allele (Had97) was occasionally scored in fly populations. However, for the sake of brevity, we only present frequencies for Had'22 in Genotype frequencies were examined for deviations from Hardy-Weinberg expectation by Gtests. Alleles were pooled, as required, so that all genotypic classes had expected numbers >1. The Levene correction (Spiess, 1977) was applied when sample sizes were <100 or when alleles could not be pooled to make expected numbers >1. Gcontingency tests were used to test for allele frequency heterogeneity. Alleles were pooled, when necessary, to ensure that each cell in the G-contingency test had an observed number 5. First and second order linear regression analyses were done between arcsine transformed allele frequencies and either latitude or growing degree days (GDD) base 50°F. GDD is calculated by determining the number of degrees that the average temperature for a day was above 50°F and summing these daily totals throughout the course of the year (negative daily values are considered to be 0). Fifty degrees Fahrenheit is not an arbitrarily chosen temperature for calculating GDD but, rather, represents the approximate lower threshold condition under which post-pupal development occurs for R. pomonella (Reissig et aL, 1979 
RESULTS
Hawthorn and apple populations were generally in Hardy-Weinberg equilibrium for the six polymorphic enzymes resolved in this study (see Appendices) . The 16 significant departures from Hardy-Weinberg equilibrium observed out of a total of 330 tests observed for apple populations and 24 significant deviations out of 407 tests for hawthorn populations do not differ appreciably from the number of significant tests expected due to random type I error (16.5 and 203, respectively, for apple and hawthorn populations). None of these 40 deviations from Hardy-Weinberg equilibrium was significant at the "table wide" significance level of P005 using the sequential Bonferroni test (Hoim, 1979; Rice, 1989) . In addition, no pattern was evident in the loci, alleles or sites displaying significant departures from HardyWeinberg equilibrium.
Significant allele frequency differences were consistently observed for Me, Acon-2, Mpi, Dia-2, Aat-2, and Had between apple and hawthorn fly populations from across the midwestern United States (table 2; see Appendices for allele frequencies). Of the 28 paired apple and hawthorn sites, only site 4 (Eureka, Michigan) and site 32 (Beloit, Wisconsin) did not show a significant difference for at least one of the six loci analyzed. Me and Acon-2 showed significant inter-host allele frequency differences at the greatest number of paired sites (14 and 21, respectively). Me and Acon-2 are, in fact, tightly linked on chromosome II along with Mpi (Feder et al., 1989b) and significant linkage disequilibrium has been found between Me and Acon-2 in natural apple and hawthorn populations (Feder et al., 1988 (Feder et al., , 1989a ).
Genetic hitchhiking due to selection at a linked locus could therefore account for the observed correlation in allele frequencies between Me and Acon-2. The same may also be true for Dia-2 and Aat-2, which are separated by a map distance of 32 centimorgans on chromosome I (Feder et a!., 1989b) . In this study, five of the seven sites which showed significant frequency differences between apple and hawthorn flies for Aat-2 were also significant for Dia-2 (table 2) . High levels of linkage disequilibrium have also been observed between Dia-2 and Aat-2 (Feder et al., 1988 (Feder et al., , 1989a . Allele frequencies for Me, Acon-2, Mpi, Dia-2, Aat-2 and Had were similar in intra-host comparisons between adults and larvae collected from hawthorns at sites 4, 15, and 17 and from apples at site 15 (Note: Larvae dissected from host fruits at sites 4, 15 and 17 represent the offspring of adults collected from apple and hawthorn trees.).
Only Me for hawthon flies at site 15 (Grant, Michigan) showed a significant frequency difference between adult and larval life history stages out of a total of 24 tests (Me10° adults = 0.593, n=345; Me'°° larvae=0655, n=467; (table 5) . The amount and pattern of genetic differentation between apple and hawthorn populations at paired sites were therefore related to latitude (or local thermal conditions, as the two factors are correlated), with inter-host divergence resulting from differences in the slopes of allele frequency dines between the two races.
Me, Acon-2, Mpi, Aat-2, Dia-2 and I-lad showed both similarities and differences in their clinal patterns of variation across the Midwest.
Because allele frequency dines were more clearly defined for the hawthorn than the apple race, our discussion will initially focus on hawthorn populations along transect 1 (Michigan/Indiana) and transect 4 (Wisconsin/Indiana), the two most intensively surveyed transects in the study (Note: Site 10 was considered to be the northernmost site along transect 1 in this discussion). For transect 4, allele frequencies for Me'°°, Acon-295 and Mpi37 displayed sharp and significant drops between fig. 3) . Allele frequencies for Acon-2 suggest that at least some gene flow may be occurring between local apple and hawthorn populations. Frequencies for Acon-275 were higher for both hawthorn and apple populations in central and western Michigan than they were in any other region of the Midwest ( fig. 1, Appendix 1) . The same phenomenon also occurred for Acon-289 at sites 30 and 32 in Wisconsin and Illinois ( fig. 1 , Appendix 1). In addition, the rare allele Acon-273 was present only in apple and hawthorn populations along transect 4 (Appendix 1). Selection could be responsible for the elevated frequencies of certain Acon-2 alleles only at specific paired apple and hawthorn sites. However, Acon-2 allele frequencies were usually significant different between the two host races at paired sites ( 
DISCUSSION
The results from this study strongly suggest that partially reproductively isolated host races can evolve in sympatry. However, to prove that the apple race originated via a sympatric host shift we must still show that (1) the apple infesting form of R. pomonella was not reproductively isolated from hawthorn flies prior to its colonization of apples and (2) that the apple race could not have evolved in allopatry from the hawthorn race and then been secondarily introduced into the northeastern United States.
All available evidence indicates that the apple race is directly descendant from a hawthorn infesting form of R. pomonella and was not derived from an unrecognized sibling species. For instance, experimental crosses give no indication of any postmating or ethological premating reproductive isolation between hawthorn and apple flies (Reissig and Smith, 1978; Smith, 1988) . Also, no single morphological or genetic character exists which diagnostically distinguishes apple from hawthorn flies, as the host races are currently known to differ only in allele frequencies for six specific allozyme loci. in fact, because allele frequency dines are steeper among hawthorn than apple populations, hawthorn populations at northern sites in the Midwest are genetically more similar to southern apple populations than they are to southern hawthorn populations. For example, hawthorn population 19 (Door Co., Wisconsin) and hawthorn population 28 (Urbana, Illinois) are separated by a Nei genetic distance of 02374±00978 (standard deviation calculated by jackknifing over loci) for the six allozymes resolved in this study. In contrast, apple population 28 and hawthorn population 19 have a Nei distance of 0i340 00669. Consequently, different apple populations from across the Midwest do not cluster together as a discrete genetic subdivision from hawthorn populations as might he expected if the apple race was formed from a sister taxon to the hawthorn race. Furthermore, the non-random pattern of Acon-273, Acon-275 and Acon-289 allele frequencies in Michigan and Wisconsin ( fig. 1) , and the similar pattern of linkage disequilibrium in apple and hawthorn populations (Feder et a!., 1988 (Feder et a!., , 1989a , suggest that at least some gene flow is occurring between local apple and hawthorn populations, it is therefore very unlikely that apple and hawthorn populations of R. pomonella are completely reproductively isolated.
It is still possible, of course, that different races of R. pomonella exist on different species of hawthorns and that the apple race was derived from just one of these "hawthorn races". Almost 100 different species of Crataegus comprising 19 different species groups may be endemic to North America (Fernald, 1950; Correll and Johnston, 1970; Muniyamma and Phipps, 1985) . However, the taxonomic status of a majority of these Crataegus species is questionable as hybridization, polyploidy and apomixis is common in the genus (Phipps, 1983 (Phipps, , 1984 Phipps, 1984, 1985) . Many of the trees that we identified as C. mollis in this study may therefore have been of hybrid origin. Nevertheless, R. pomonella has been reported to attack only a restricted set of Crataegus "species", with infestations confirmed for only 14 endemic hawthorns (Bush, 1966; Wasbauer, 1972; Berlocher, 1976; McPheron, 1987;  McPheron et a!., 1988b). In the northeastern United States, only hawthorn species which share certain phenotypic traits with C. mollis in the Brainerdianae, Coccinnea, Macracantha, Pruinosa, Punctata and Tenuifoliae series have been reported to be parasitized by the fly (O'Kane, 1914; Bush, 1966; Wasbauer, 1972) . It therefore appears that R. pomonella utilizes only a small number of potential hawthorn hosts in the Northeast, preferentially attacking hawthorns that possess a similar fruiting phenology and fruit characteristics; A trend which is not conducive to the formation of different hawthorn races. In addition, electrophoretic analysis of R. pornonella populations infesting C. punctata, C. brachyacantha, C. douglasii and C. monogyna from the southern and western United States has given no evidence for genetically differentiated hawthorn races (Berlocher, 1976; McPheron, 1987; McPheron et a!., 1988b) . Although further sampling of R. pomonella at sites with different sympatric hawthorn species is needed to completely discount the possibility of host specific hawthorn races, all available data suggest that hawthorn populations of the fly in the United States and Canada represent a single race which displays extensive latitudinal variation.
Several points also make it unlikely that the apple race formed in allopatry from the hawthorn race and was subsequently introduced into the Hudson Valley region of New York. First, genetic bottlenecks due to reductions in population size frequently occur when a species colonizes a new area. Reduced amounts of genetic variation have, in fact, been observed for newly introduced populations of R. pomonella and R, completa in the western United States (McPheron et a!., 1988b; Berlocher, 1984) . However, apple populations in the eastern United States have as much allelic diversity and genetic heterozygosity as eastern hawthorn populations (Feder et a!., 1989a) . There is, therefore, no genetic evidence indicating that the apple race was introduced into the New England area.
Second, the R. pomonella species group is endemic to North America (Bush, 1966) , thereby ruling out the possibility that the apple race originated in Europe and was brought to the United States along with cultivated apples. Consequently, if the apple race formed in allopatry then it must have originated somewhere in North America. The range of domestic apples is, however, contained entirely within that of hawthorns in North America. Therefore, even if R. pomonella did not originally shift onto apples in the Hudson Valley, the apple race could not have been geographically isolated from hawthorn infesting populations at the time of its inception.
Third, B. D. Walsh (1867), who first described R. pomonella, noted at the time of the initial discovery of the apple race that although R. pomonella "exists both in the East and in the West, it attacks the cultivated apple only in a certain limited region, even in the East, for according to Dr Trimble (New York Semi-weekly Tribune, July 19, 1867) this new and formidable enemy of the apple is found in the Hudson-river valley, but has not yet reached New Jersey". Therefore, up until 1867, no apple infesting population of R. pomonella had been reported outside of the New England area. We now know, however, that an isolated population of R. pomonella does infest both hawthorns and domestic apples in the highlands of Mexico (Bush, 1966) .
But Mexican flies are unique in that they possess a hyaline spot at the base of the apical band on their wings which makes them morphologically distinguishable from all other taxa in the R. pomonella group (Bush, 1966) . The apple race in the United States could not, therefore, have been derived from the Mexican population.
Although the Mexican population does not clarify the issue of the geographic origin of the apple race, it does lend further indirect support for hawthorns as the original host for the apple race. In Mexico, R. pomonella has independently shifted from hawthorns to domestic apples within historical times (apples were introduced into Mexico from Spain in 1522; Standley, 1922). However, Mexico does not have any endemic species of crab apple (Standley, 1922; J. Beaman, personal communication) . Therefore, in Mexico at least, R. pomonella shifted directly from hawthorns to domestic apples.
At least two major factors are responsible for the observed genetic differences between hawthorn and apple populations. First, differential selection occurs between flies infesting apples and hawthorns and appears to be related in some way with ambient temperature (see below for further discussion). Second, the consistency of inter-host genetic differenation between larvae and adults flies at site 15 suggests that adult flies do not migrate randomly between hawthorn and apple trees but, instead, tend to attack the same species of host tree they infested as larvae. Although we did not examine the pattern of microgeographic genetic variation among trees in this study, results from Feder et a!. (1988 from Feder et a!. ( , 1989c paration) show that intra-host genetic variation among trees for larvae and adults at site 15 is almost an order of magnitude less than that of inter-host divergence. These data do not rule out the possibility that adults stay on their "natal trees" and, consequently, that selection alone is responsible for inter-host differentiation. However, mark and recapture studies suggest that adults continually move among different host trees within orchards and oldfields (Phipps and Dirks, 1933; Bourne et a!., 1934; Neilson, 1971; Buriff, 1973; Roitberg, 1982) , with only about 10 per cent of marked flies remaining on "release trees" (Maxwell, 1968; Reissig, 1977) . Observations of R. pomone!la dispersing over distances of at least 16km in the field (Maxwell and Parsons, 1968) also testify to the vagility of the fly. Allele frequency differences between hawthorn and apple adults at site 15 therefore indicate that at least some host fidelity exists for R. pomone!!a. Because courtship and mating in R. pomonel!a occur almost exclusively on or near the fruits of the host plant (Prokopy eta!., 1971 (Prokopy eta!., , 1972 , differential host utilization by hawthorn and apple flies produces a system of positive assortative mating which helps maintain genetic polymorphism between the races.
Genetically based differences in host preference and conditioning in adults (Prokopy et a!., 1982 Papaj and Prokopy, 1986) are the two most likely causes for host fidelity, as larval conditioning has not been found for Rhagoletis flies (Prokopy et a!., 1982 (Prokopy et a!., , 1988 . Ambient temperature has always been regarded as an important environmental factor influencing host plant-parasite interactions for Rhagoletis (Prokopy, 1968b; Reissig eta!., 1979) . R.pomone!!a flies are, in general, univoltine across their range and adult life expectancy has been estimated at from 3 to 6 weeks in the field (see review by BoIler and Prokopy, 1976) . Adults must therefore eclose at times closely synchronized with the fruiting phenologies of their host plants. "Temporal windows" for infesting apples and hawthorns are different, however, with the fruit of domestic apple varieties favored by R. pomonella generally ripening and falling approximately one month earlier than fruit of native hawthorn species. In addition, flies must develop as larvae and pupae at rates matching local environmental conditions. If development proceeds too quickly flies may not diapause and emerge as a second generation in the fall when suitable host fruit is no longer available.
Alternatively, if development occurs too slowly then flies run the risk of freezing to death during the first frost. Ambient temperature does, of course, correlate with latitude and is a major determinant of the phenology of fruit maturation. Hawthorn and apple flies may therefore have development rates differentially adapting them to local thermal conditions and the phenologies of their host plants.
The temperature hypothesis is contingent, of course, on the six allozymes resolved in this study being related in some way to developmental timing in R. pomonella. Preliminary studies indicate that such a relationship does, in fact, exist as allele frequencies for Me, Acon-2 and Had correlate with the timing of diapause termination and adult eclosion for hawthorn flies (Feder et a!., manuscript in preparation) It is not uncommon for allozyme surveys to uncover one or more loci whose alleles display a clinal pattern of variation correlated with some aspect of the physical environment (Johnson, 1971; Clegg and Allard, 1972; Christiansen and Frydenberg, 1974; Koehn et a!., 1976; see review by Hedrick et a!., 1976) . Latitudinal, seasonal and altitudinal variation in temperature have been implicated as causal factors for a number of allozyme dines including those for the freshwater fish, Catostomus clarkii (Koehn, 1969) ; the marine killifish, Fundulus heteroclitus (Mitton and Koehn, 1975) ; the fathead minnow, Pimephales promelas (Merritt, 1972) ; the fruit fly, D. me!anogaster (Berger, 1971; Vigue and Johnson 1973; Johnson and Schaffer, 1973; Miller, Pearcy and Berger, 1975) ; and the butterfly, Co!ias meadii (Johnson, 1976) . What is unusual about R. pomonella is that ambient temperature apparently has different consequences for conspecific populations infesting different host plants. Host plant associations therefore add an additional level of environmental heterogeneity for R. pomonella which helps maintain increased amounts of intraspecific genetic variation, a result consistent with predictions of niche theory (Levene, 1953; Maynard Smith, 1966 , 1970 Levins, 1968, Christiansen and Feldman, 1975; Felsenstein, 1976) .
Allele frequency dines for hawthorn and apple flies are not completely discordant, however, and display some broad similarities which may have important evolutionary implications. The three areas where the largest allele frequency changes occur for apple and/or hawthorn populations are consequences of these zones are significant and mark cutoff points in the distribution of numerous plant species. Changes in voltinism and/or host plant associations occur across these regions for several different phytophagous insects including the European corn-borer, (Showers, 1981) and the swallowtail butterfly, Papillio glaucus (for review see Scriber and Hainze, 1987) . The finding of a similar pattern for R. pomonella supports the hypothesis that these zones have a general impact on the evolution of life history traits for phytophagous insects.
The observed frequeiIcy dines in R. pomonella could, of course, be due to secondary contact rather than selection. However, for several reasons, discussed fully in Feder et a!. (1989a) , the secondary contact hypothesis is unlikely. Perhaps most importantly, the finding that frequencies for Me10°a nd Acon-295 among hawthorn populations dovary with irregularities in local thermal conditions argues for differential selection as the cause for allele frequency dines in R. pomonella.
A crucial remaining question is whether apple and hawthorn host races represent incipient species. A host race is a parasitic population which, by adapting to a preferred host, has become partially reproductively isolated from other conspecific populations specialized on alternative hosts (Diehl and Bush, 1984) . Host races may therefore be at various stages of divergence ranging from populations which almost freely interbreed to those that rarely exchange genes (Bush, 1969a) .
Based on available data, it is difficult to judge whether apple and hawthorn flies have reached or will ever reach the evolutionary point of no return when they should be considered distinct species. In essence, the results of this and other studies (Feder eta!., 1988 (Feder eta!., , 1989a McPheron eta!., 1988a; Smith et a!., 1988) have shown that host specific traits can evolve within geographically continuous populations. The next key question then is whether these host associated adaptations are sufficient to eventually cause the complete reproductive isolation of populations. Indirect support that they are has come from additional population genetic studies involving sibling species in the R. pomonella complex. For instance, R. mendax is a closely related sympatric sibling species to R. pomonella which infests blueberries (Vaccinium spp.) and huckleberries (Gaylussacia spp.) in the eastern United States and Canada (Bush, 1966) . Although field captured R. pomonel!a and R. mendax adults will hybridize in the laboratory and produce fertile and viable Fl progeny (J. Frey, personal communication; Feder and Bush, 1989) , co-occurring populations of the sibling species are genetically distinct in nature and do not interbreed (Berlocher and Bush, 1982; Feder et a!., 1989d) . Genetic analysis of reproductively mature adults collected from interdigitated blueberry bushes and apple trees indicate that R. mendax and R. pomonella maintain complete host fidelity in the field (Feder and Bush, 1989) . Differential host plant recognition is therefore a very effective pre-mating isolating barrier between at least two sympatrically distributed sibling species in the R. pomonella group. The allele frequency dines indicate that both hawthorn and apple races are not evolving uniformly across the Midwest, however. Primary frequency dines have been implicated in speciation (Fisher, 1930; Murray, 1972; Endler, 1977) and it is possible that R. pomonel!a populations are "isolated by distance" as a consequence of being differentially adpated to local thermal conditions. Both hawthorn and apple races do display sharp allele frequency "steps" across environmental transition zones in the Midwest (figs 2 and 3). In addition, hawthorn populations at the northern and southern ends of R. pomonella's range are essentially fixed for alternative alleles at the loci Had, Dia-2 and Me (see Appendices and McPheron, 1987) . R. pomone!la populations at different latitudes may therefore be "genetically incompatible" with one another even though they are inter-connected by a series of populations exchanging genes. It will be interesting to see whether allele frequency dines for R. pomonella can become steep enough to result in "hybrid zones" given the fly's apparent ability to disperse over relatively long distances.
Whether or not R. pomonella host races are "cohesive evolutionary units" is not central to the issue of sympatric speciation, however. The important question is whether host recognition behaviours are constant across the range of a race. For example, if flies infesting hawthorns continue to prefer hawthorns when experimentally transplanted into different portions of their distribution, then host shifts ensure the divergence of populations regardless of whether selection pressures vary from locality to locality within races. The results from site 15 confirm that some host fidelity exists for R. pomonella in at least one portion of the fly's range. However, apple and hawthorn populations at sites 4 and 32 showed no significant genetic differentiation (table 2) . Is the lack of genetic diver-gence between apple and hawthorn populations at these two sites due to high levels of inter-host gene flow? Or, alternatively, is host fidelity still strong at sites 4 and 32 but selection pressures for Acon-2, Mpi, Dia-2, Aat-2 and Had similar for apple and hawthorn flies? The shapes of the allele frequency dines among hawthorn and apple populations suggest that the latter possibility is true. However, detailed studies measuring inter-host gene flow across the range of R. pomonella are needed to resolve this point and establish the extent to which apple and hawthorn races are discrete populations on separate evolutionary pathways.
In conclusion, R. pomonella is rapidly becoming a model organism for the study of speciation. Genetic differences exist between recently formed host races of the species and the geographic pattern of allozyme variation suggests that differences in host plant utilization and host associated development (in some way related to ambient temperature) are responsible for reducing gene flow between apple and hawthorn races. Our next task is to characterize exactly how these factors operate at the population level and to translate their mode of action to the speciation process. In this regard, the ability to hybridize several different R.
pomonella species in the laboratory will help us elucidate the genetic basis for host associated traits, such as differential host recognition, which appear to play a major role in reproductively isolating taxa in the R. pomonella group. 
